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Conversion of syngas containing carbon oxides is a key step in gas-to-liquid 
(GTL), coal-to-liquid (CTL) and biomass-to-liquid (BTL) processes. As a promising 
route for the production of liquid fuels and chemicals from alternative feedstocks, 
carbon monoxide hydrogenation has been gaining renewed interest during the last 
years. Carbon monoxide hydrogenation involves conversion of carbon monoxide to 
valuable hydrocarbons and oxygenates. Manufacturing hydrocarbons from syngas is 
also called Fischer-Tropsch (FT) synthesis. Several industrial GTL complexes 
producing gasoline, diesel, and waxes by FT synthesis using Fe-based and Co-based 
catalysts have been built or currently under construction (Mossgas, Petro SA in South 
Africa, Bintulu, Shell in Malaysia, Oryx, Sasol and Pearl, Shell in Qatar and Escravos, 
SasolChevron in Nigeria). Methanol synthesis using a Cu–Zn-Al catalyst is a 
well-established syngas conversion technology. On the other hand, synthesis of 
ethanol and higher alcohols using Rh-based, Cu-Co-based or MoS2-based catalyst has 
continuously attracted renewed interests as another viable option for syngas 
utilization. 
Hydrogenation of CO2, which is identified as one of the greenhouse gases, can 
lead to various compounds such as methanol, hydrocarbons and higher oxygenates 
depending on the catalyst and reaction conditions. The main products over transition 
or noble metal catalysts are typically methane (Fe, Co, Ni, Ru, Au, etc.), methanol (Cu, 
Ag) or ethanol (Rh). The transformation of the CO2 into chemicals may be able to 
alleviate the problem of global warming and petroleum resource shortage. This 
concept would be interesting from both ecological and economical standpoints. 
Among different catalysts, iron-based catalysts, which are active for water-gas-shift 
reaction FT synthesis reaction, could be considered as a promising choice.  
The present work exploits different but complementary approaches for the design 
of novel supported catalysts with an enhanced catalytic performance in hydrogenation 
of carbon oxides to alcohols and olefins. Catalyst structure has been characterized 
using a combination of various characterization techniques. The correlations between 
the catalyst structure and the catalytic performance are discussed to gain insights into 
the probable active sites for the hydrogenation of carbon monoxide and carbon 
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 2 
Chapter 1 presents an introduction to syngas valorization, catalysts, reaction 
mechanism and catalytic reactors for hydrogenation of carbon oxides. The history, 
generation of syngas, reaction, catalysts, product distribution and kinetics, as well as 
FT process has been reviewed. The research objectives of my thesis are also revealed 
in the end of this chapter. 
The experimental details of this thesis such as catalyst synthesis, characterization 
methods, catalytic measurements and product analysis are presented in chapter 2. 
Chapter 3 focuses on the effects of copper and cobalt addition on the structure of 
alumina supported catalysts, and their catalytic performances in CO hydrogenation. 
Introduction of these metals leas to formation of bimetallic particles. It has a strong 
impact on the catalyst structure and catalytic performance in carbon monoxide 
hydrogenation.  
Promotion of copper-cobalt supported bimetallic catalysts with different 
elements and effects of the support are investigated in chapter 4.  
Chapter 5 addresses effects of support and preparation method on the structure 
and catalytic performance of rhodium catalysts for ethanol synthesis from syngas. In 
this chapter we exploit Rh catalysts supported on metal oxides, on silica and on 
transition metal doped SiO2 composites and we screen out the most efficient promoter 
(FeOx).  
In chapter 6, we focus on the effects of the catalyst composition on the structure 
and active species in FeOx-SiO2 supported Rh catalysts, and their catalytic 
performances in alcohol synthesis. In-situ H2 pre-reduction at various temperatures 
was used to get information about the active sites. The interaction between FeOx and 
Rh species and the active sites are also discussed in this chapter. 
Chapter 7 deals with the catalytic performance of iron catalysts in carbon dioxide 
hydrogenation to olefins. Various supports and a series of alkali metals are used to 
promote these catalysts. It is found that K
+
 promoted Fe catalyst supported on ZrO2 
displays outstanding catalytic activity in this reaction. . The effect of alkali metal on 
the structure and evolution of active Fe phase are studied by in-situ characterization 
techniques.  
In last chapter (Chapter 8), the conclusions of this thesis are drawn and 



















Energy, materials and information are called the three pillars for human society 
development. The human civilization began in use of the fire, burning natural 
resources to provide energy phenomenon is one of the earliest human chemical 
practices, binding the chemical and energy closely together. Humans create 
magnificent material civilization by ingenious using of the energy changes in the 
process of chemical changes. The development of human society goes along with 
continuous diversification of energy supplies that can be divided into straw period, 
coal period and oil period according to the different historical stages of the main 
energy used. Currently, the world‘s energy is presumably carbon based, 
predominantly on petroleum crude oil [1,2,3]. Increasing concerns about global 
climate change, increasing energy consumption, decline of fossil fuel resources and 
rising crude oil prices have pushed the topic of new clearer energy resources to the 
center stage [4,5]. The research in the development of synthetic clean transportation 
fuels and chemical feedstock from syngas technology has become increasingly 
important in recent years (Figure 1.1) [6,7]. 
The resources of coal and natural gas are very larger than oil, see Table 1-1. 
Otherwise, the biomass and other renewable natural resources to provide energy and 
chemicals have been receiving increasing attention because these resources can 
supplement existing supplies of raw materials and have less environmental impact 
[6,8,9,10]. The syngas (a mixture consisting primarily of CO, CO2, H2, and H2O) 
derived from natural gas, coal and biomass can be used to produce a range of products, 
such as liquid fuels and chemicals, using well-established technologies via 
Fischer–Tropsch (abbreviated further as FT) process [7,11,12,13,14] as illustrated 
in Figure 1.2. F-T-liquids are totally free of -S, -N and contain very few aromatics 
compared to gasoline and diesel, which results in lower emissions when applied in 
internal combustion engines. Many large crude oil deposits are associated with natural 
gas. Rather than burning it off or leaving it untapped, FT synthesis converts associated 



















Figure 1.1 The number of publications about FT synthesis (Results searched by keyword ―FT‖ in 
data-base of ISI Web of Knowledge (Thomson Reuters)) 
 
 
CO2 is identified as one of the greenhouse gases, and CO2 recycle is proposed as 
a possible solution of the CO2-related problems. The transformation of the released 
CO2 to chemicals may be able to alleviate the problem of global warming and 
petroleum resource shortage. This concept would be interesting not only from an 
ecological but also from an economical standpoint, because CO2 in power plants is 

















Figure 1.2 Opportunities for catalytic conversion of syngas to fuels and chemicals: 
WGS = water–gas shift; MTG = methanol-to-gasoline; MTO = methanol-to-olefin; 
DME = dimethyl ether; HPA = heteropoly acid 
 
1.1. Historical perspective and commercial status 
More than one century ago (1902), Sabatier and Senderens observed methane was 
formed from mixtures of H2 and CO over nickel and cobalt catalysts [17]. In 1923 
Franz Fischer and Hans Tropsch (Figure 1.3) at the Kaiser Wilhelm Institute for Coal 
Research in Müllheim firstly discovered the conversion of synthesis gas to 
hydrocarbons over metal catalysts [18,19].  
They found that CO hydrogenation over iron, cobalt or nickel catalysts at 
180-250 °C under atmospheric pressure results in a complex product mixture of linear 
and branched hydrocarbons and oxygenated products, main products are linear 
paraffin and α-olefins. The hydrocarbon synthesis is catalyzed by supported metal 
catalysts such as cobalt, iron, nickel and ruthenium. Both iron and cobalt are used 
commercially these days at a temperature of 200 to 300 °C and under a pressure of 10 


















Figure 1.3 Professor Franz Fischer (left) and Dr Hans Tropsch, the inventors of a process to create 
liquid hydrocarbons from carbon monoxide gas and hydrogen using metal catalysts [20] 
 
The industrial application of FT process started in Germany in 1927, and at 1938, 
there were nine plants in operation having a total capacity of about 660×10
3 
tons per 
year [21,22]. From 1936 to 1945, the FT process was mainly used by German Nazi, 
and it supplied 750 ×10
3
 tons hydrocarbon per year. During the 1950s, a FT plant 
using coal feed came on stream in Sasol, South Africa, which has the capacity of 240 
×10
3
 tons per year. The oil crises of the mid 1970s prompted Sasol to construct two 
much larger coal-based FT plants in 1980 and 1982. The attractiveness of FT 
synthesis had increased when the price of crude exceeded US$ 30 per barrel. At that 
stage the combined capacity of the three Sasol plants was about 6×10
6 
t per year. 
Mossgas plant in South Africa and the Shell plant at Bintuli Malaysia, which use 
natural gas feed, came on stream in 1992 and 1993, respectively. In June 2006, the 
Sasol Oryx 34000 bpd plant was inaugurated. Sasol Chevron is currently building its 
Escarvos GTL plant in Nigeria. First commercial delivery from Shell 140 000 bpd 
GTL-FT plants in Qatar took place in June 2011. Thus, after several decades of 
research and development, FT technology has finally come to the stage of full-scale 
industry and worldwide commercialization. 
Research on the catalytic conversion of syngas to higher alcohols has been 
conducted since the beginning of the 20
th
 century [23,24,25,26]. Substantial research 
work has been carried out for developing processes to convert syngas to higher 
alcohols containing a mixture of methanol and isobutanol as precursors for methyl 
tertiary butyl ether (MTBE), which has been recommended for use as an octane blend 















replaced by ethanol, the interest in the synthesis of ethanol from biomass- and 
coal-derived syngas is growing.  
Ethanol is being considered as a potential alternative synthetic fuel to be used in 
automobiles or as a potential source of hydrogen for fuel cells as it can be produced 
from biomass. The use of ethanol as a gasoline additive is already in practice in the 
United States (U.S.) and other countries. Worldwide ethanol production in 2005 
exceeded 12 billion gallons, with Brazil and the United States being the largest 
producers in the world, each contributing over 4.2 billion gallons. A major portion of 
the ethanol produced in the United States was used for blending with gasoline, but this 
mixture replaced only about 2% of all gasoline sold. The Energy Policy Act (EPACT) 
of 2005 requires U.S. fuel ethanol production to increase to 7.5 billion gallons by 
2012 [27]. This has prompted a significant increase in the research and development 
(R&D) effort dedicated to this challenge. However, ethanol is produced by two major 
processes: (1) hydration of petroleum-based ethylene and (2) fermentation of sugars 
derived from corn or sugar cane currently. The ethylene hydration route is unattractive 
for large-scale production of ethanol because of rising crude oil prices and 
dependence on imported oil [28]. The fermentation of sugars is a biological process 
for producing beverage-grade alcohol containing about 14% ethanol, the production 
of fuel-grade ethanol is expensive and energy-inefficient because the process involves 
energy intensive distillation steps [29]. Furthermore, the current fermentation process 
is not suitable for sugars derived from lignocelluloses or woody biomass because they 
contain a significant portion of 5-carbon pentose sugars (in addition to 6-carbon 
hexose sugars), which are not completely metabolized into alcohols. New 
fermentation processes that can convert both 5-and 6-carbon sugars into ethanol, as 
well as the fermentation of syngas (a mixture of CO and H2) obtained from 
gasification of unconverted biomass to ethanol, are being developed [30,31]. However, 
research on these topics is still in its infancy. Syngas conversion to mixed alcohol 
fuels using the ―Mix-Alco‖ process has been reported recently [32,33]. However, the 
catalytic conversion of syngas to alcohols especially to ethanol remains challenging, 
and no commercial process exists so far although the research on this topic has been 
ongoing for the past 90 years. 
Currently, direct conversion of syngas to gasoline, diesel, and waxes by 
Fischer–Tropsch (F-T) synthesis using Fe-based and Co-based catalysts and methanol 













Degree papers are in the “Xiamen University Electronic Theses and Dissertations Database”. Full
texts are available in the following ways: 
1. If your library is a CALIS member libraries, please log on http://etd.calis.edu.cn/ and submit
requests online, or consult the interlibrary loan department in your library. 
2. For users of non-CALIS member libraries, please mail to etd@xmu.edu.cn for delivery details.
厦
门
大
学
博
硕
士
论
文
摘
要
库
